Vibrio cholerae has been shown to adhere to cornstarch granules. The present work explored the mechanisms involved in this adhesion and the possibility of its occurrence in vivo. The findings suggest that both specific and nonspecific interactions are involved in the adhesion. Nonspecific hydrophobic interactions may play a role, since both V. cholerae and cornstarch granules exhibited hydrophobic properties when they were tested using a xylene-water system. In addition, the presence of bile acids reduced the adhesion. The adhesion also involves some specific carbohydrate-binding moieties on the cell surface, as reflected by reduced adhesion following pretreatment of the bacteria with proteinase K and sodium m-periodate. Further investigations supported these observations and showed that media containing low-molecular-weight carbohydrates had a significant inhibitory effect. Binding cell lysate to starch granules and removing the adhered proteins using either glucose or bile acids led to identification (by liquid chromatography-tandem mass spectrometry analysis) of several candidate V. cholerae outer membrane-associated starch-binding proteins. Different sets of proteins were isolated by removal in a glucose solution or bile acids. When the upper gastrointestinal tract conditions were simulated in vitro, both bile salts and the amylolytic activity of the pancreatic juices were found to have an inhibitory effect on the adherence of V. cholerae to starch. However, during acute diarrhea, this inhibitory effect may be significantly reduced due to dilution, suggesting that adhesion does occur in vivo. Such adhesion may contribute to the beneficial effects observed following administration of granular starch-based oral rehydration solutions to cholera patients.
Cholera is a severe diarrheal disease that kills thousands of people each year and affects the lives of millions. This disease is caused by specific serogroups of Vibrio cholerae that are pathogenic to humans (20) . Infection by V. cholerae usually starts after consumption of contaminated water or food. The severity of symptoms varies among patients, and in the severe form (cholera gravis) the rate of diarrhea may quickly reach 500 to 1,000 ml h Ϫ1 , which leads to severe dehydration and, without appropriate treatment, death (20, 40, 41) . Death in cholera patients is caused by loss of fluids and salts; therefore, the key to therapy is sufficient rehydration. Furthermore, the rehydration solution should have an electrolyte composition similar to that of the lost fluids (16, 20) . This understanding led to what is considered to be one of the most important medical advances in the 20th century, oral rehydration therapy (ORT) (16) .
The life-saving effect of oral rehydration solutions (ORS) is achieved primarily by maintaining the electrolyte balance (e.g., by stimulating absorption of sodium from the small intestine) (16, 20) . However, these solutions do not prevent or reduce to any significant extent the symptoms of cholera. Although in controlled studies ORT is very effective at reducing mortality (4, 29) , its use remains low in both developing and developed countries. Despite extensive health education efforts (4, 48) , a common perception is that oral rehydration is not effective since it does not reduce the manifestations of diarrhea, such as loss of fluid in the feces, or the duration of the illness (12) . Moreover, the glucose-based ORS recommended by the World Health Organization (WHO) may paradoxically increase fecal fluid loss. Because of these limitations, there has been a substantial impetus to develop improved ORS (48) .
Beneficial effects of starch-based ORS have been shown for the treatment of cholera. Clinical trials with starch-based ORS showed that there was a marked improvement in symptom manifestation, in addition to a life-saving effect (38) . Ramakrishna et al. (38) hypothesized that part of the beneficial effect of ORS containing high-amylose cornstarch is due to short-chain fatty acid (SCFA) formation by the colon microbiota, which changes the fluid balance in the colon. The massive loss of fluid reported during cholera episodes (500 to 1,000 ml h Ϫ1 in the severe form) has raised the question of whether significant amounts of SCFA are indeed formed under these conditions by colonic microbiota or if an alternative mechanism is responsible for the improvement in symptoms.
In search of an explanation, we previously demonstrated that V. cholerae strongly adheres to starch granules (15) and suggested that this may explain, at least in part, the beneficial effect of starch-containing ORS in the treatment of cholera compared to treatment with regular ORS. This study was aimed at understanding the mechanisms involved in adhesion of V. cholerae to starch granules.
MATERIALS AND METHODS
Bacterial strains and growth media. V. cholerae O1 Inaba was a kind gift from E. Arakawa (NIID, Tokyo, Japan); V. cholerae O139 was a kind gift from T.
Ramarmurthy (National Institute of Cholera and Enteric Diseases, Kolkata, India); and V. cholerae O9 was isolated from chironomid egg masses (6) . The other bacterial species tested were obtained from local stocks and included Aeromonas hydrophila ATCC 33654, Pseudomonas aeruginosa ATCC 27853, Salmonella enterica serovar Typhimurium ATCC 14028, and Escherichia coli ATCC 43895.
The following growth media were used: Luria-Bertani (LB) broth containing 5 g ⅐ liter Ϫ1 NaCl, 10 g ⅐ liter Ϫ1 tryptone, and 5 g ⅐ liter Ϫ1 yeast extract; and M9 minimal medium consisting of 6 g ⅐ liter 1 Na 2 HPO 4 , 2.5 g ⅐ liter Ϫ1 KH 2 PO 4 , 0.83 g ⅐ liter Ϫ1 NH 4 Cl, 0.42 g ⅐ liter Ϫ1 NaCl, 1 mM MgSO 4 , 0.2% (wt/vol) carbon source, and 0.1% (wt/vol) Casamino Acids (2). All chemicals were analytical grade.
Modified ORS composition. A modified ORS containing 3.5 g ⅐ liter Ϫ1 NaCl, 2.5 g ⅐ liter Ϫ1 NaHCO 3, and 1.5 g ⅐ liter Ϫ1 KCl (WHO formula for ORS without glucose [31] ) was used in the basic adhesion experiments.
Basic adhesion procedure. To examine their adhesion, the strains tested were first reared from frozen stocks (in 25% [wt/vol] glycerol kept at Ϫ80°C) by inoculating 50 ml of LB medium with the contents of one aliquot (500 l) (with antibiotic supplementation when required). The cultures were grown overnight in Erlenmeyer flasks at 37°C shaken at 200 rpm. The bacteria were then harvested by centrifugation (16,060 ϫ g, 5 min) (Biofuge pico; Heraeus, United States) and washed three times with 1 ml of the modified ORS or 0.1 M phosphate buffer (pH 7.0). The washed bacterial cells were then suspended in 1 ml of modified ORS (or phosphate buffer) containing starch to obtain an estimated final concentration of 10 6 cells ⅐ ml Ϫ1 along with 10% (wt/vol) cornstarch granules. After the starch and cells were mixed for short periods (2 min or 15 min overall), the starch granules were removed by centrifugation (320 ϫ g for 30 s). The bacteria remaining in the supernatant were enumerated by plating on LB agar, with the appropriate antibiotic when necessary. Controls were subjected to the same procedure using modified ORS or 0.1 M phosphate buffer without starch. All experiments were repeated at least three times with fresh bacteria, starch, and ORS (or phosphate buffer). It should be noted that there was no difference between adhesion in ORS and adhesion in phosphate buffer; for both preparations there was over 90% adhesion. Study of adhesion mechanism. Different aspects that may affect the adhesion process were examined, including growth media, hydrophobic interactions, ions, proteins, and polysaccharides (Table 1) . To test each of these effects, the bacteria or starch was first pretreated, and then an adhesion assay was performed. Each experiment was repeated at least three times. For each treatment, a control ) were pretreated with 100 g ⅐ ml Ϫ1 pronase E (Sigma, Israel) at 37°C for 1 h; the cells were then washed twice with modified ORS; the adhesion expt was performed in modified ORS (pH 6.7)
) were pretreated with 10 U ⅐ ml Ϫ1 proteinase K (Biosolve, the Netherlands) at 37°C for 1 h; the adhesion expt was performed in modified ORS (pH 6.7) a M6-ANDS (12) No cell pretreatment; the adhesion expt was performed in 0. Adhesion under simulated GIT conditions. To test the relevance of the adhesion, adhesion experiments were performed in vitro under conditions simulating the physiological environment of the upper gastrointestinal tract (GIT). We tested the effects of changes in the pH, stomach acidity, and bile and pancreatic enzymes secreted into the small intestine. The test conditions are described in Table 2 .
Measurement of cell surface hydrophobicity. The cell surface hydrophobicities of the different bacterial strains were measured by using the bacterial adhesion to hydrocarbon (BATH) test (10, 26) . Briefly, following overnight growth, bacteria were washed twice in 150 mM phosphate-buffered saline (PBS) (pH 7.4) and resuspended in the same buffer at an optical density at 600 nm (OD 600 ) of ϳ0.4 (A i ). For each species, 1 ml of either xylene or hexadecane was added to 4 ml of a bacterial suspension. Each tube was then thoroughly mixed for 20 s and equilibrated for 30 min at 37°C to allow phase separation. After the incubation, the OD 600 of the aqueous lower phase was measured (A f ). The cell surface hydrophobicity was calculated as follows: (1 Ϫ A f /A i ) ϫ 100. An analysis of the correlation between cell surface hydrophobicity and bacterial adhesion to starch was performed by linear regression using the least-squares method.
Effects of growth phase and carbon source in the medium on adhesion. Following overnight growth, the bacteria were diluted 1:100 in fresh M9 minimal medium supplemented with 0.2% (wt/vol) glucose, maltose, or maltodextrin (DE19). Bacterial growth was monitored by measuring the OD 600 (WPA Biowave CO8000 cell density meter; Biochrom Ltd., England). At three times during growth, 1 ml of the growing culture was removed and used to measure adhesion as described above.
Removal of adhered bacteria. Bacteria were first adhered to the starch granules using the basic adhesion procedure described above. Following removal of the supernatant, 1 ml of the simulation solution, which was modified ORS, ORS (WHO formula), modified ORS containing 111 mM NaCl, 0.1 M phosphate buffer (pH 7.0), or 0.1 M phosphate buffer (pH 7.0) containing 3 g ⅐ liter Ϫ1 bile extract, was added to the starch sediment. After the starch granules were suspended by gentle pipetting, the suspension was incubated at room temperature for 2 and 15 min. Then the starch granules were removed by centrifugation (320 ϫ g for 30 s), and the number of bacteria in the supernatant was determined by plating on LB agar. The percentage of bacteria removed was calculated as follows: 1 Ϫ (total number of bacteria in the upper fluid/ calculated number of adhered bacteria).
Isolation of candidate starch-binding proteins. V. cholerae O1 was grown overnight and then centrifuged (10,000 ϫ g, 15 min, 4°C) and washed three times with Dulbecco's PBS (Biological Industries, Beit Haemek, Israel). The cells were resuspended in PBS containing complete, mini, ETDA-free protease inhibitor cocktail (Roche Diagnostics GmbH, Germany) and then broken by ultrasonication (25% amplitude, 30-s pulse on ice, model 555 W ultrasonic processor). Sonication was repeated six times, with 60 s of cooling between pulses. The lysate was then centrifuged to pellet the unbroken cells (10,000 ϫ g, 15 min, 4°C), and aliquots of the supernatant were added to tubes containing cornstarch granules. The mixtures were incubated at room temperature for 5 min with gentle rotation and then washed five times by centrifugation with PBS (10,000 ϫ g, 5 min, 4°C) to remove the unbound proteins. To remove the starch-bound proteins, each starch pellet was then resuspended and incubated for 5 min with PBS (control), phosphate buffer containing 111 mM glucose, or phosphate buffer containing 3 g ⅐ liter Ϫ1 bile extract. The starch was removed by centrifugation, and the supernatant from each tube was separated and concentrated in a Microcon centrifugal filter device (YM-3; Millipore Corporation, United States). The concentrated samples were digested with trypsin, analyzed by liquid chromatography-tandem mass spectrometry (LC-MS-MS) using LTQ-Orbitrap (Thermo), and identified by using Pep-Miner and Sequest software with the bacterial part of the nr database (at the Smoler Proteomic Research Center, Department of Biology, Technion, Israel).
Statistical analysis. Statistical differences were analyzed by one-way and twoway analyses of variance and Student's t test (␣ ϭ 0.05) using JMP 7.0.1 (SAS Institute Inc., United States).
RESULTS
Factors affecting adhesion. Our first step was to estimate the contributions of a series of possible adhesion mechanisms to the overall adhesion of V. cholerae to starch (Table 1) . Several growth media were used to test their effects on adhesion. In the presence of LB and spent LB media, adhesion was significantly inhibited (14% and 57% adhesion, respectively), whereas M9 minimal medium with or without amino acids had no effect on adhesion (Fig. 1 ). The involvement of hydrophobic interactions was tested by addition of surfactants. The presence of polysorbate 80 or polysorbate 60 did not inhibit adhesion (Fig.  1) . The effects of ions on adhesion were also tested; a basic adhesion assay performed in the presence of 2 mM EDTA revealed no effect. Addition of 0.5 M NaCl to the phosphate buffer reduced the level of adhesion to 79%; however, when 0.2 M NaCl or 0.8 M NaCl was added, no effect on adhesion was observed (Fig. 1) .
The role of bacterial proteins in adhesion was studied by using proteolytic and chemical treatments aimed at reducing adhesion. Pretreatment of V. cholerae with pronase E had only a minor effect on its adhesion to starch granules; however, pretreatment with proteinase K resulted in a significant reduction in the level of adhesion, to 60% (Fig. 1 ). Specific binding of glycosidic moieties was tested by using the modified sugar M6-ANDS (maltohexaose modified at the reducing end with 3-amino-naphthalene-2,7-disulfonic acid), which blocks the maltoporin channel when it is added from outside the membrane (3). The presence of 0.1 mg ⅐ ml Ϫ1 M6-ANDS in the buffer reduced the level of adhesion to 75% (Fig. 1) , but when buffer (pH 7.0) containing 10 mg ⅐ ml Ϫ1 pancreatin for 1 to 4 h at 37°C; the starch was then washed twice with 0.1 M phosphate buffer (pH 7.0), mixed, and incubated with the bacteria, as in the basic adhesion procedure a Each experimental procedure was tested separately and was based on the method of Crittenden et al. (10) . All incubations of bacteria with starch granules were performed at 37°C.
M6-ANDS was preincubated with the bacteria and then diluted 10-fold prior to the adhesion assay, the level of adherence was restored (Ͼ80%; data not shown). When the unmodified sugar maltohexaose was present in the modified ORS (at a concentration of 0.5%), it reduced the level of adhesion to 30% (data not shown).
The relevance of V. cholerae polysaccharides to the adhesion process was evaluated by pretreating the cells with 0.01 mM sodium m-periodate, which oxidizes polysaccharides. This caused some reduction in the level of adhesion, to 81% (Fig.  1) . Pretreatment of the starch granules with either protease or periodate did not affect adhesion (Fig. 1) .
Adhesion under simulated upper GIT conditions. According to our hypothesis, adhesion to starch is a plausible explanation for the effect of starch in ORT. We therefore tested this possibility by conducting some of the adhesion experiments in vitro under conditions simulating the physiological conditions in the upper GIT. Figure 2 shows that at a pH higher than 4.0 there was no effect on adhesion, while the level of adhesion at pH 4.0 was slightly lower than that at a higher pH (74.5% and 88% to 93%, respectively). Lower pH values, ranging from pH 2.0 to 3.0, completely eliminated cell viability (data not shown).
The starch added to the ORS passes through the stomach before it encounters the bacteria in the duodenum and lower intestine; we therefore tested the effect of stomach pH and pepsin on the starch granules. As Fig. 2 shows, when starch granules were preincubated under the conditions present in the stomach, there was no reduction in their adhesion capacity compared to that of untreated granules used as a control.
The GIT pH is not the only factor that may affect adhesion; surface-active agents, such as bile acids, may also have an influence. The presence of bile salts at a concentration of 3 g ⅐ liter Ϫ1 reduced the level of adherence significantly (to 60%). However, 2-fold dilution of the bile (to 1.5 g ⅐ liter Ϫ1 ) was sufficient to restore the level of adhesion to 83% (Fig. 2) . Adhesion of V. cholerae to starch granules was also examined after pancreatin digestion. The adherence of V. cholerae to starch granules decreased dramatically (to a level of 11%) when the granules were pretreated with pancreatin for 1 h (Fig.  2) . Longer incubation with pancreatin had a similar effect on adhesion (data not shown).
Cell surface hydrophobicity. The hydrophobicity of the bacterial cell surface was evaluated to determine whether there is a correlation between hydrophobicity and adhesion to starch. A number of bacterial strains were tested, and two systems were used; the results varied, depending on the hydrocarbon used as the hydrophobic phase. When hexadecane was used, all of the bacterial species were characterized as weakly hydrophobic or nonhydrophobic (range, 14% adhesion for P. aeruginosa to 0% adhesion for V. cholerae O139) (Fig. 3) . On the other hand, when xylene was used, all V. cholerae strains tested were highly hydrophobic (between 68 and 80% adhesion), while the non-V. cholerae strains were much less hydrophobic (range, 48% adhesion for P. aeruginosa to 36% adhesion for S. enterica serovar Typhimurium) (Fig. 3) . A significant linear fit between cell surface hydrophobicity and adhesion to starch was found only for xylene (R 2 ϭ 0.77, P ϭ 0.0217) (Fig. 3) . Table 1 Table 2 ). Each experiment was repeated at least three times. The error bars indicate standard errors. Different letters above the bars indicate that the levels of adhesion are significantly different (␣ ϭ 0.05).
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Effect of growth phase and carbon source in the medium. The effects of both growth phase and the carbon source present in the growth medium were studied. We found that a number of carbon sources added to M9 minimal medium (and removed before the adhesion test) had no effect on the growth curve (Fig. 4B) or on the adhesion to starch granules (Fig. 4A) .
The adhesion to starch was tested at three points along the growth curve, two points in the logarithmic growth phase and one point in the early stationary phase. There was no difference in adhesion at any time point between the different carbon sources. For the different carbon sources used, the level of adhesion to starch granules was slightly lower at the first time point tested (78% on average) than at the other two time points (86% and 88%) (Fig. 4A) .
Removal of adhered bacteria. To examine possible conditions for detachment of bacteria that have adhered to starch granules, granules with adhered bacteria were resuspended and incubated with several solutions containing potential adhesion inhibitors (such as glucose and bile) and then compared to control solutions (modified ORS, phosphate buffer, and modified ORS containing 111 mM NaCl). As shown in Fig. 5 , whenever the control solutions were used, the level of adherence was greater than 87% after both 2 and 15 min of reincubation. Significantly reduced adhesion was observed when glucose or bile was present in the solution used for resuspension and reincubation (Fig. 5) . The decrease was time dependent (2 min compared with 15 min) for both bile and glucose (Fig. 5 ) and was faster for glucose than for the bile acids.
Isolation of candidate starch-binding proteins. A suspension of V. cholerae cells subjected to complete lysis was incubated with starch granules. After a series of nonspecific washes, proteins adhering to the starch granules were removed by resuspension with either PBS (control), phosphate buffer containing 111 mM glucose, or phosphate buffer containing 3 g ⅐ liter Ϫ1 bile extract. Nine candidate starch-binding proteins were identified by LC-MS-MS analysis (Table 3) ; three of these proteins were identified as outer membrane proteins, four proteins were identified as outer membrane-associated proteins, and the two other proteins were identified as hypothetical proteins. As Table 3 shows, three of the proteins were found when elution was performed with either glucose or bile (OmpA, TolC, and VC1055), three proteins were found only after elution with glucose (OmpT, flagellin, and MshQ), and the other three proteins were identified only after elution with bile (MshA, YaeC, and VCA0689). None of the proteins were detected when elution was performed with the control solution (PBS).
DISCUSSION
The survival of microorganisms in some niches depends on their ability to adhere to surfaces and substrates. Bacteria often prefer to grow on available surfaces rather than in the surrounding aqueous phase (1, 33) . V. cholerae is known to adhere to different surfaces, such as the human lumen (20) , chironomid egg masses (6), chitin (46) , zooplankton (9, 18) , and cornstarch granules (15) . Its ability to adhere is related to the survival of the bacteria in the environment (9), as it facilitates both adherence to available nutrition sources and protection against environmental stresses (52) . It is also associated with colonization in the human intestine, which is a prerequisite for establishment of a productive infection (20, 41) .
The mechanism underlying the adherence of V. cholerae to starch granules is still unknown. Our findings suggest that there is involvement of both nonspecific hydrophobic and electrostatic interactions, as well as specific binding through a cellassociated ligand(s).
Adhesion mechanisms. Hydrophobic interactions play an important role in bacterial interactions with surfaces, either as a primary mechanism of adhesion or by facilitating a closer approach to the surface (14) . Although addition of surfactants, such as polysorbate 80 and polysorbate 60, did not inhibit adhesion (Fig. 1) , addition of a bile solution resulted in a dramatic decrease in the level of adhesion, to 60% (Fig. 2) . Bile acids are strong detergents with an amphipathic structure and have both hydrophobic and hydrophilic sides (45) , and this suggests that hydrophobic interactions may play a role in adhesion of V. cholerae to starch granules.
Long-range electrostatic forces may also affect the initial phase of bacterial adhesion to solid surfaces (30) . Such interactions can affect the adhesion process in a bidirectional manner (i.e., as attractive or repulsive forces) (14, 30) . As shown in Fig. 1 , addition of 0.5 M NaCl reduced the level of adhesion to 79%. This concentration of salt has previously been shown to provide enough counterions to block the electrostatic interactions between starch and bacteria (10), suggesting that some electrostatic forces may also be involved in adhesion of V. cholerae to cornstarch granules. It should be noted that this is not always the case; for example, adhesion of bifidobacteria to Hylon VII starch was not affected by NaCl at this concentration (10) . Interestingly, in contrast, higher (0.8 M) or lower (0.2 M) NaCl concentrations did not affect the adhesion of Vibrio cholerae; in the case of Vibrio alginolyticus attachment to chitin, the level of attachment increased as the NaCl concentration increased from 0.5 to 3% (0.5 M), while at higher salt concen- trations the level of attachment decreased (36) . Many studies have shown that divalent cations are required to mediate adhesion (33, 50) , but this is not likely to be the case for adherence of V. cholerae to starch; adhesion assays performed in the presence of 2 mM EDTA showed no change in adhesion (Fig.  1 ). Previous studies have also shown that the presence of divalent cations has no effect on attachment of V. alginolyticus to chitin (36) . The bacterial surface is a heterogeneous structure with a complex chemical composition. Numerous macromolecules, including outer membrane proteins, lipopolysaccharides, fimbriae, etc., interface with the surrounding medium (14) . Therefore, it has been suggested that these polymeric surface structures mediate adhesion and facilitate firmer adhesion of the bacteria to a surface (1) .
Proteins may function as adhesins in specific attachment mechanisms, but they can also be involved in nonspecific attachment (14) . Specific starch-binding proteins have been observed in several intestinal bacteria, such as Bacteroides thetaiotamicron, some Bifidobacterium strains (10), and Lactobacillus amylovorus (19) . In the case of V. cholerae (and other vibrios), adherence to chitin (one of the most abundant polysaccharides, composed of ␤-1,4-linked N-acetylglucosamine residues) and to chitin-containing plankton has been studied extensively in the last 2 decades (36, 46, 47, 52) . Several specific ligands involved in the adhesion to chitin have been found (37) and are localized in the outer membrane of the bacteria (32, 36, 46, 52) . Therefore, it is possible that a starch-binding protein(s) is present in V. cholerae and functions like the known chitin-binding proteins. Pretreatment of V. cholerae with pronase E had only a minor effect on its adhesion to starch granules. However, pretreatment with proteinase K resulted in a significant reduction in the level of adhesion, to 60% (Fig. 1) . This observation suggests that proteins, among other factors, are indeed involved in the adhesion process.
The lipopolysaccharide layer dominates the outer leaflet of the outer membrane of Gram-negative bacteria, and as such it may affect the adhesive interaction (14) . This layer contains a lipid A region anchored to the outer leaflet of the outer membrane, core polysaccharides, and O-antigen polysaccharide regions that project outward (8) . Pretreatment of the bacteria with 0.01 mM sodium m-periodate, which oxidizes polysaccharides, reduced the level of adherence to 81%. Periodate oxidation of polysaccharides results in cleavage of adjacent hydroxyl-containing carbon-carbon bonds and the formation of highly reactive aldehyde groups (17) . Although the aldehyde groups are more hydrophobic than the sugar's original hydroxyl groups, the level of adhesion decreased. This suggests that polysaccharide oxidation influenced the adhesion by some mechanism other than alteration of cell surface hydrophobicity, such as, for example, disruption of some sugar-binding moieties of the bacteria. In other studies, however, polysaccharide oxidation had no influence on attachment of V. alginolyticus to chitin particles (36) or on other Vibrio spp. tested to determine their abilities to attach to chitin particles and copepods (47) .
The ability to interfere with the specific binding of glycosidic moieties was tested at the single-channel level using the modified sugar M6-ANDS, which causes blockage of the maltoporin channel (purified from E. coli) when it is added from the outer side of the membrane (3). Maltoporin of V. cholerae forms trimetric pores that function in the uptake of maltose and maltodextrins (23, 24) . This channel has a specific binding site for maltosaccharides, which is also accessible to polysaccharides, such as starch (39) . The blocking effect of M6-ANDS on the maltoporin channel is irreversible (3, 11) In this study, preincubation of a bacterial suspension with M6-ANDS followed by 10-fold dilution did not affect the adhesion of the bacteria to starch. Therefore, from these results, it appears that the inhibitory effect of M6-ANDS is due to reversible blocking of the starch-binding sites by the maltohexaose sugar residue rather than irreversible blocking of the maltoporin channel. This hypothesis is supported by the low level of inhibition (ϳ15%), which seemed to be due to the low M6-ANDS concentration used (0.01%) compared to the higher sugar concentrations used previously (0.5% to 2%) (15) .
After examining several binding mechanisms, we explored the effect of growth medium components on bacterial adhesion to starch. As we showed previously, low-molecular-weight carbohydrates present in the ORS during adhesion prevent adhesion to starch. Of the sugars tested, those that significantly influenced adhesion of V. cholerae to cornstarch were the sugars that can be utilized by V. cholerae (15) . Both yeast extract and tryptone contain some carbohydrates (according to the BD Bionutrients technical manual), explaining the significant reduction in the level of adhesion when the adhesion assay was performed in the presence of LB or spent LB medium (14% and 57%, respectively) (Fig. 1) . When spent LB medium was used, some of the carbohydrates had already been utilized during bacterial growth, and the inhibition was therefore significantly lower than that observed with fresh LB medium. The amino acids present in both yeast extract and tryptone apparently do not influence adhesion, as reflected by the results of the experiments performed with M9 minimal medium with and without Casamino Acids.
Adhesion under simulated upper GIT conditions. To examine the significance of the adhesion of V. cholerae to starch in the context of ORT, this adhesion was tested under conditions mimicking the human intestine, assuming that adhesion can indeed occur in vivo during diarrhea. The first effector tested was medium pH, which might influence bacterial adhesion by changing the surface characteristics of both the bacteria and the surface being tested (30) . The results suggested that neither V. cholerae nor cornstarch granules are affected by pH (Fig. 2) . This is in agreement with previous studies in which a pH higher than 4.0 was found to have no effect on the adhesion of bifidobacteria to Hylon VII starch (10) or on adherence of V. alginolyticus to chitin (36) . Overall, it appears that the pH gradient in the upper GIT is not a barrier to adhesion of the bacteria to starch granules.
Although a significant reduction in adhesion was observed in the presence of bile salts (Fig. 2) , it is reasonable to assume that in acute diarrhea bile salts are ineffective at reducing adhesion of V. cholerae to starch due to massive dilution. Bile salt concentrations in fasting individuals have been found to range from 570 to 5470 M in the duodenum and jejunum (35) . Based on the molecular weight of taurocholic acid (515.7 g ⅐ mol Ϫ1 ), which was present at the highest concentration, estimated concentrations of bile salts ranging from 0.29 to 2.82 g ⅐ liter Ϫ1 in the intestine were calculated. While removal of adhered bacteria from the starch granules was observed with 3 g ⅐ liter Ϫ1 bile salts (Fig. 2) , it is very likely that in cases of acute diarrhea, the concentration of bile salts decreases due to dilution in the secreted fluids.
Pancreatic secretions contain amylolytic enzymes, which may affect the starch granule surface. Here, a dramatic reduction in the level of adhesion was observed only after pancreatic digestion (Fig. 2) . This suggests that adhesion involves some specificity for glycosidic moieties on the surface of the granule rather than being mediated by proteins associated with the starch granule. Reduced adherence to starch granules following pancreatin pretreatment has also been found for several Bifidobacterium strains with Hylon VII starch granules (10) . The pancreas normally produces 10-fold more amylase than is needed for complete starch digestion. However, nongelatinized starch granules are not completely digested in the small intestine. In the course of diarrhea, along with the dilution effect on amylase activity due to the massive secretion of fluids, the contact time for digestion decreases, and this is likely to affect the completeness of starch digestion (7) . Together with the 74% loss in amylase activity that occurs while the GIT contents move from the duodenum to the ileum (49), it appears that amylolytic activity in the small intestine may only slightly decrease the adhesion in vivo during acute diarrhea.
Cell surface hydrophobicity. Cell surface hydrophobicity was estimated by the BATH test, using two different hydrocarbons as the hydrophobic phase. As found in previous studies (25) , our results showed different degrees of adherence to the different hydrocarbons (Fig. 3) . When cell surface hydrophobicity was tested with several Vibrio species, none of the strains exhibited hydrophobic properties when hexadecane was used as the hydrophobic solvent. On the other hand, when n-octane was used as the solvent, all strains exhibited strong or moderate hydrophobicity (25) . In a previous study, it was found that cells might not adhere to hexadecane at neutral pH or in diluted buffers but do adhere at low pH or in high-ionicstrength media (13) . Interestingly, the BATH assay revealed very high surface hydrophobicity of the cornstarch granules (more than 90%) in both solvents (data not shown). These findings suggest that hydrophobicity plays at least a partial role in adhesion, as it has been found that bacteria with hydrophobic properties favor materials with hydrophobic surfaces (30) . However, while the starch granules are highly hydrophobic and V. cholerae hydrophobicity was confirmed with only one system (xylene), it is reasonable to conclude that hydrophobic interactions explain only part of the adhesion.
Effect of growth phase and carbon source in the medium on adhesion. The growth phase may influence the composition of the outer membrane protein, cell surface hydrophobicity, and other cell surface properties that are likely to be involved in the adhesion mechanism (14, 30) . Based on our results, although some statistically significant differences were found in adhesion along the growth curve, the differences were minor and very likely not biologically relevant.
Outer membrane moieties that may be involved in adhesion may also be affected by the type of carbon source present in the minimal growth medium. O'Riordan et al. (34) showed that Bifidobacterium spp. grown on maltose or amylomaize starch as the carbon source exhibit improved binding to starch granules. In our study, a series of carbon sources added to M9 minimal medium (and removed before the adhesion test) had no effect on the bacterial growth curve (Fig. 4B) or on the adhesion to starch granules (Fig. 4A ). This suggests that in the case of V. cholerae, adhesion is not affected by the carbon source present in the growth medium prior to its adhesion to starch.
Removal of adhered bacteria. As a complementary procedure to verify the suggested adhesion mechanisms, we conducted a set of experiments to test the removal of adhered bacteria by putative competitors of the binding moieties. The results suggested that two key forces are involved in adhesion: carbohydrate-binding moieties and nonspecific hydrophobic interactions. Thus, the significance of these forces was tested by measuring the ability of competing agents (glucose and bile salts, respectively) to remove the adhered bacteria. Since the incubation time with the sugars was very short, it is likely that the inhibitory effect of these compounds was due to their competition for specific binding sites rather than due to gene regulation. Lectins, a diverse group of multivalent carbohydrate-binding proteins, are one possible binding moiety. Bacterial lectins have been found to mediate adhesion to host tissues, one of the key events in pathogenesis (33, 42) . In many of the lectin-binding sites, hydrophobic amino acids were found to surround the carbohydrate-specific site, stabilizing it. This might explain the ability of bile acid detergents and glucose to inhibit adhesion and remove the adhered bacteria. Moreover, when the BATH assay was performed in the presence of 111 mM glucose, there was no effect on adhesion to xylene (data not shown), indicating that a specific adhesion mechanism is involved. An inhibitory effect of low-molecularweight sugars has been demonstrated previously for attachment of V. alginolyticus (36) and V. cholerae (46) to chitin particles, as well as for adhesion of Bifidobacterium (10) and V. cholerae to starch granules (15) . However, this is the first time that low-molecular-weight sugars have been used to release adhered V. cholerae cells.
Isolation of candidate starch-binding proteins. Amylolytic microorganisms that can adhere to starch-containing substrates have been found to have a competitive advantage over nonadherent amylolytic microorganisms (19) . Thus, the expression of starch-binding proteins by the amylolytic organism V. cholerae could be advantageous in the rich starch environment of the human GIT. The significant reduction in the bacterium's adhesion to starch granules observed after treatment with proteases ( Fig. 1) is an indication of the participation of surface proteins in the adhesion process. Therefore, we attempted to identify candidate starch-binding proteins in V. cholerae that could be removed from the starch granule using glucose or bile solutions. The isolated proteins were further identified by LC-MS-MS analysis ( Table 3 ). All of the proteins identified were outer membrane-associated proteins, and some of these proteins are known to function as adhesins (OmpA [43, 44] , TolC [5] , and MshA [51] ). Interestingly, some of the proteins were found only when a glucose solution was used, while some were found only after the use of bile. This might also indicate that several mechanisms are involved in the adhesion process. Further investigation is required to study the nature of these proteins and their roles in starch catabolism.
Bacterial adhesion is a complex process affected by many factors, including the characteristics of the bacteria, the surfaces involved, and the surrounding medium (30, 33) . Bacterial adhesion commonly depends on the position of the adhesin(s) on the bacterial surface. Most bacterial species can express more than one type of adhesin, which may consist of proteins, polysaccharides, and lipids (33) . Adhesion of V. cholerae to starch seems to be mediated by both a specific cell surface protein(s) and nonspecific hydrophobic and electrostatic interactions. Our findings indicate that although several inhibitors of adhesion are present in the human GIT, adhesion of V. cholerae to starch is likely to occur during the course of diarrhea, and this phenomenon may be responsible for some of the beneficial effects when resistant starch is added to an ORS.
